Staphylococcus aureus is a flexible microbial pathogen frequently isolated from community-acquired and nosocomial infections. The use of indwelling medical devices is associated with a significant risk of infection by this bacterium which possesses a variety of virulence factors, including many toxins, and the ability to invade eukaryotic cells or to form biofilm on biotic and abiotic surfaces. The present study evaluates the anti-infective properties of serratiopeptidase, a secreted protein of Serratia marcescens, in impairing virulence-related staphylococcal properties, such as attachment to inert surfaces and adhesion/invasion on eukaryotic cells. SPEP seems to exert its action by modulating specific proteins. Proteomic studies performed on surface proteins extracted from SPEP-treated S. aureus cultures revealed that a number of proteins are affected by the treatment. Among these we found the adhesin/ autolysin Atl, FnBP-A, SecAl, Sbi, EF-Tu, EF-G, and alpha-enolase. EF-Tu, EF-G and alpha-enolase are known to perform a variety of functions, depending on their cytoplasmic or surface localizatien, All these factors can facilitate bacterial colonization, persistence and invasion of host tissues. Our results suggest that SPEP could be developed as a potential "anti-infective agent" capable to hinder the entry of S. aureus into human tissues, and also impair the ability of this pathogen to form biofilm on prostheses, catheters and medical devices.
A successful strategy should not affect processes essential for bacterial survival in order to avoid the rapid appearance of escape mutants. An innovative approach should target S. aureus major virulence factors without affecting bacterial viability.
During the primary attachment the bacteria make contact with the surface, mediated in staphylococci by specific adhesins. Thus, during this phase proteins play a critical pivotal role. In the second accumulative phase, biofilm formation, most staphylococci have no direct contact with the surface and express intercellular adhesive properties (8) . Recently, it has been shown that, besides their best-known role in the eukaryotic invasion process, fibronectin binding proteins (FnBPs) playa relevant role in the biofilm-associated foreign-body infections, promoting biofilm formation at the level of intercellular accumulation (9) (10) .
Besides PIAIPNAG and FnBPs, S. aureus produces many other adhesive molecules which enable bacteria to bind different surfaces moieties (8, II) .
In the search for new treatments against staphylococcal surface-related virulence factors we focused on serratiopeptidase (SPEP), an extracellular metalloprotease produced by Gramnegative Serratia marcescens (12) . SPEP is widely used as an anti-inflammatory agent (13) and has been shown to modulate adhesin expression in some bacterial species and to enhance antibiotic efficacy towards biofilm-forming bacteria (14) . Furthermore, treatment of Listeria monocytogenes with sub-lethal concentrations of SPEP reduced biofilm formation and invasion (15) .
The present study investigates the effect of SPEP treatment on virulence properties ofS. aureus, such as attachment to inert surfaces and adhesion/invasion of eukaryotic cells. Our results demonstrate that SPEP is able to hamper both S. aureus attachment and invasiveness to human cells and hinders both biofilm formation and biofilm dispersion at concentrations not affecting bacterial viability. Moreover, by proteomic analysis we identified bacterial proteins affected by SPEP treatment, some of which act as multifunctional factors involved in metabolic pathways, in adhesion to extracellular matrix and invasion of host cells, such as At!, FnBP-A, SecA I, Sbi, EF-Tu, EF-G, and alpha-enolase.
MATERIALS AND METHODS
Bacterial strain and culture conditions S. aureus ATCC 6538P was used for all the experiments. Brain Heart Infusion broth (BHI, Oxoid, UK) medium was used for biofilm formation in static assay at 37°e. Planktonic cultures were grown in BHI at 37°C under vigorous agitation (180 rpm).
Eukaryotic cells
HeLa cells were cultured in minimal essential medium with Earle's Salts (MEM/EBSS), supplemented with 10% foetal calf serum, I% glutamine and 1% penicillinstreptomycin in an atmosphere of 95% air and 5% CO 2 , All media were from Euroclone. Incubations were carried out in a 5% CO 2 atmosphere at 37°e. Monolayers were used 48 h after seeding.
Chemicals
Serratiopeptidase (SPEP, 2540 U/mg), obtained from Takeda Italia Farmaceutici (Rome, Italy), was dissolved in phosphate-buffered saline pH 7.2 (PBS) at a stock concentration of20 000 U/ml and stored at -20°e. TPCKtreated trypsin, dithiothreitol (DTT), iodoacetamide and alfa-cyano-4-hydroxycinnamic acid were purchased from Sigma. Ammonium bicarbonate was from Fluka. Trifluoroacetic acid (TFA)-HPLC grade was from Carlo Erba. All other reagents and solvents were of the highest purity available from Baker.
Detection ofS. aureus virulence-associated genes
DNA preparation and PCR were performed as follows. 30 III of bacterial culture grown overnight in planktonic conditions were harvested by centrifugation at 6,000 rpm for 10 min. The bacterial pellet was washed twice in TE buffer (Tris-HCI 10 mM pH 8, EDTA 10 mM pH 8) and centrifuged at 6,000 rpm at 4°C for 10 min, to eliminate growth medium. Bacterial pellet was resuspended in 100 III of TE buffer, boiled for 10 min at 100°C and then centrifuged at 13,000 rpm at 4°C for 10 min to eliminate bacterial debris. 10 III of supernatant containing bacterial DNA partially purified was used for PCR amplifications. Primers and PCR conditions are summarized in Table I .
Susceptibility ofbacterial cells to SPEP
Susceptibility of SPEP was determined in 96-well plates measuring the optical density at the wavelength of 600 nm (OD 600 ) . BHI broth was added to all wells and SPEP (1000 U/ml) was added to the first well and serially diluted (1:2 dilutions). Logarithmic-phase cultures of S. aureus were added to each well to achieve 10 6 CFUlwel1. The microtitre plates were incubated at 37°C and OD 600 was recorded after I hand 24 h. The lowest concentration of SPEP that completely inhibited growth was evaluated.
Quantification ofbiofilm formation
Quantification of in vitro biofilm production was based on the method described by Christensen (\6). The wells of a sterile 96-well flat-bottomed polystyrene plate (Falcon) were filled with 90 III of the appropriate medium containing or not containing 200 Ulml SPEP. 10 III of overnight bacterial cultures grown in BHI were added into each well. The plates were incubated aerobically for 24 h at 37°e. Growth was monitored by measuring the 00 600 , After 24 h incubation the ability of the S. aureus strain to adhere to the polystyrene plates was tested. The contents of the plates were poured off and the wells washed with sterile distilled water. The plates were stained with O. I% crystal violet for 5 min. Excess stain was rinsed off by placing the plate under running tap water. After the plates were air dried, the dye bound to the adherent cells was resolubilized with 10% (v/v) glacial acetic acid and 10% (v/v) ethanol. The 00 of each well was measured at 590 nm. Based on the classification reported by Cafiso and coworkers (17), S. aureus 6538P strain was classified as a strong biofilm producer (00 590 > 0.4). Assay on preformed biofilm was also performed. The wells of a sterile 96-well flat-bottomed polystyrene plate were filled with 100 III of II Irr diluted overnight bacterial cultures grown in BHI. The plates were aerobically incubated for 24 h at 37°e. After 24 h the contents of the plates were poured off and the wells washed with sterile distilled water to remove the unattached bacteria. The remaining attached bacteria were treated with 100 III of the appropriate medium containing or not containing 200 Vlml SPEP and aerobically incubated for 24 h at 37°e. After 24 h the plates were treated as previously described.
Electron microscopy
Samples for scanning electron microscopy (SEM) were prepared as follows: S. aureus ATCC 6538P was grown in BHI broth containing or not containing 200 Vlml ofSPEP in the presence ofa polytetrafluoroethylene (PFTE, teflon) filter as a substrate for sessile growth (Millipore). After overnight incubation, PFTE filters were washed three times with sterile distilled water and subsequently dehydrated in ethanol-water solutions, with increasing ethanol concentrations (65%, 75%, 85%, 95%, and 100%). After critical point drying in a Baltec CP0030 dryer, specimens were mounted on SEM discs, coated with gold, and analysed by a scanning electron microscope (XL30 ESEM, Philips).
Adhesion-invasion assays
S. aureus 6538P bacteria from 18 h cultures in BHI broth, grown in the absence of SPEP were further subcultured up to 00 600 = 0.5 at 37°C in BHI with or without the protease. HeLa cells were cultured in 24well plates (Falcon) to obtain semi-confluent monolayers (1 x 10 5 cells/well) and were then inoculated with bacterial suspensions in logarithmic-phase growth. The adhesion-invasion assays were carried out by infecting cells for I h at 37°C at a multiplicity of infection (MOl) of about 10 bacteria per cell. Adhesion and invasion were conducted in parallel on twin cellular mono layers. Loosely bound bacteria were removed from the cell monolayers by two washes with PBS. The cells were then lysed with 0.025% Triton X-I 00 and plated on TSA agar to determine viable bacteria (A: cellular adhesion plus invasion). After incubation, to evaluate the infection rates the monolayers were washed with PBS, and 0.5 ml offresh medium containing 200 ug/ml of gentamicin was added to each well and maintained for I h at 37°C to kill extracellular bacteria. Cells were then lysed by addition of 0.025% Triton X-I00 and plated on TSA to count viable intracellular bacteria (B: cellular invasion). We further calculated adhesion efficiency by subtraction of B to A. Adhesion and invasion efficiency were expressed as percentage of the inoculated bacteria that adhered or invaded HeLa cells, respectively.
Surface protein extraction and processing
The surface proteins were extracted according to the method of Tabouret with minor modifications (18) . Briefly, after centrifugation of 50 ml of each bacterial culture (00 600 = 0.6), pellets were washed twice in PBS and then suspended in 500 III PBS containing 1% SOS. Samples were incubated at 37°C for 15 min and after centrifugation the supernatants were collected and used for SOS-PAGE and zymogram analyses. The protein content in the samples was determined by the Bradford procedure (19) .
SDS-PAGE and zymogram
SOS-PAGE was carried out by standard methods (19) with an SOS-polyacrylamide separating gel (10% acrylamide, pH 8.8) and constant voltage (180 V) at room temperature. Following electrophoresis, proteins were stained with Coomassie Brilliant Blue (Bio-Rad). Renaturing SOS-PAGE was performed according to the methods of Lauderdale (20) , with some modifications. SOS-polyacrylamide separating gel (10% acrylamide, pH 8.8) containing 0.2% (wt/v) lyophilized Micrococcus luteus cells provided by Sigma, was used to detect the lytic activities. After electrophoresis, the gels were soaked (2 times, 15 min) in distilled water at room temperature. The gels were then transferred into the renaturing buffer (50 mM Tris-HCI pH 8.0 containing 1% Triton X-IOO) and shaken at 60 rpm for 2 h at 37°C to allow renaturation.
The renatured autolysins appeared as clear translucent bands on opaque background. For each experiment, two gels were prepared from the same stock solution and electrophoresed in the same apparatus at the same time. No difference in the migration of the standards due to the presence of M. luteus cells in the gel was noted.
In situ digestion
The Coomassie blue-stained spots of interest were excised from the gel and washed with acetonitrile (ACN) first and then with 0.1 M ammonium bicarbonate. Protein samples were reduced by incubation with 10 mM OTT for 45 min at 56°C. Cysteines were alkylated by treatment with 5 mM iodoacetamide for 15 min at room temperature in the dark. Gel particles were then washed with ammonium bicarbonate and ACN.
Tryptic digestion was carried out using 12.5 ng/ul of enzyme in 50 mM ammonium bicarbonate pH 8.5 at 4°C for 4 h. The buffer solution was then removed and a new aliquot of the enzyme/buffer solution was added for 18 h at 37°C. A minimum reaction volume, enough for the complete rehydratation of the gel was used. Peptides were then extracted, washing the gel particles with 20 mM ammonium bicarbonate and 0.1% TFA in 50% ACN at room temperature and then lyophilized.
MALDI-TOF mass spectrometry
Positive Reflectron MALDI spectra were recorded on a Voyager DE STR instrument (Applied Biosystems, Framingham, MA). The MALDI matrix was prepared by dissolving 10 mg of alpha cyano in I ml of acetonitrile/ water (90: I0 v/v). Typically, I III of matrix was applied to the metallic sample plate and I III of analyte was then added. Acceleration and reflector voltages were set up as follows: target voltage at 20 kV, first grid at 95% of target voltage, delayed extraction at 600 ns to obtain the best signal-to-noise ratios and the best possible isotopic resolution with multipoint external calibration using peptide mixture purchased from Applied Biosystems. Each spectrum represents the sum of 1500 laser pulses from randomly chosen spots per sample position. Raw data were analyzed using the computer software provided by the manufacturers and are reported as monoisotopic masses.
nanoLC Mass Spectrometry
When necessary, peptide mixtures were analyzed by LCMS/MS using a 4000Q-Trap (Applied Biosystems) coupled to an 1100 nano HPLC system (Agilent Technologies). The mixture was loaded on an Agilent reverse-phase pre-column cartridge (Zorbax 300 SB-C 18, 5 x 0.3 mm, 5 11m) at 10 Ill/min (A solvent 0.1% formic acid, loading time 5 min). Peptides were separated on an Agilent reverse-phase column (Zorbax 300 SB-C 18, 150 mm X 75 11m, 3.5 11m), at a flow rate of 0.3 Ill/min with a 0% to 65% linear gradient in 60 min (A solvent 0.1% formic acid, 2% ACN in MQ water; B solvent 0.1% formic acid, 2% MQ water in ACN). Nanospray source was used at 2.5 kV with liquid coupling, with a declustering potential of 20 V, using an uncoated silica tip from New Objectives (0.0. 150 11m, J.D. 20 11m, T.D. 10 11m). Data were acquired in informationdependent acquisition (IDA) mode, in which a full scan mass spectrum was followed by MS/MS of the 5 most abundant ions (2 s each). In particular, spectra acquisition of MS-MS analysis was based on a survey Enhanced MS Scan (EMS) from 400 m/z to 1400 m/z at 4000 amu/sec. This scan mode was followed by an Enhanced Resolution experiment (ER) for the five most intense ions and then MS2 spectra (EPI) were acquired using the best collision energy calculated on the bases of m/z values and charge state (rolling collision energy) from 100 m/z to 1400 m/z at 4000 amu/sec. Data were acquired and processed using Analyst software (Applied Biosystems).
MASCOT analysis
Spectral data were analyzed using Analyst software (version 1.4.1) and MS-MS centroid peak lists were generated using the MASCOT.dll script (version 1.6b9). MS-MS centroid peaks were threshold at 0.1 96% of the base peak. MS/MS spectra having less than 10 peaks were rejected. MS/MS spectra were searched against NCBlnr database using the licensed version of Mascot 2.1 version (Matrix Science), after converting the acquired MS-MS spectra in Mascot generic file format. The Mascot search parameters were: taxonomy S. aureus; allowed number of missed cleavages 2; enzyme trypsin; variable posttranslational modifications, methionine oxidation, pyroglu N-term Q; peptide tolerance 200 ppm and MS/MS tolerance 0.5 Da; peptide charge, from +2 to +3 and top 20 protein entries. Spectra with a MASCOT score <25 having low quality were rejected. The score used to evaluate quality of matches for MS-MS data was higher than 30.
Western blot analysis
An antiserum against Ati was raised in rabbit (PRIMM, Milan, Italy), using the synthetic peptide comprising the region 367-382 of the protein (NH2-KYLGGTDHADPHGYLR-COOH) as antigen. Proteins extracted from S. aureus cells grown both in the presence and in the absence ofSPEP, were resolved by SDS-PAGE using standard procedures previously described. The proteins were transferred to a PVDF membrane using a blotting transfer apparatus (Bio-Rad, USA). Atl protein was detected by using the specific anti-rabbit polyclonal antibody with ratio I:500 and peroxidase-conjugated goat anti-rabbit secondary antisera (I :5000) (Santa Cruz). The membrane was developed by using Western lightning®-ECl, Enhanced Chemiluminescence detection kit (PerkinElmer).
RESULTS

Molecular characterization ofS. aureus 6538P
S. aureus 6538P (subsp. aureus Rosenbach), is a clinical isolate, reference strain for antimicrobial testing. S. aureus 6538P is a strong biofilm producer and at the same time it possesses a good capability to invade eukaryotic cells. S. aureus 6538P genome was investigated by PCR for the presence of genes related to various protein factors responsible for its adhesive behaviour. This analysis revealed that S. aureus 6538P is an MSSA ica positive strain, and contains atl and sdrC genes, while it is negative for hap and sasG genes. Results are summarized in Table I .
SPEP is not cytotoxic and does not affect the growth ofS. aureus 6538P
Preliminary experiments were carried out to assess the effect of SPEP on the growth rate of S. aureus ATCC 6538P. S. aureus cultures were treated with serial dilutions of SPEP (1:2 dilutions starting from 1000 U/ml) and bacterial growth was monitored over 24 h. As shown in Fig. I , SPEP did not affect S. aureus duplication rate. Bacterial growth curves were nearly superimposable both in the presence and in the absence of SPEP. SPEP cytotoxicity was assessed on HeLa cells using the same concentrations of the protein adopted in the previous experiments. Cell morphology, viability and proliferation of HeLa cells remained unaffected by SPEP treatment. The concentration of SPEP adopted hereafter in the present study was 200 U/ml.
SPEP treatment hinders biofilm formation and acts on preformed biofilm ofS. Aureus
S. aureus 6538P ability to form biofilm was assessed by the Christensen method; the results allowed to classify this strain as a strong biofilm producer according to Cafiso and co-workers (17) . Following SPEP treatment, biofilm formation was strongly impaired. A dramatic decrease in the absorbance at 590 nm suggested a strong reduction of biofilm formation while unaffecting bacterial The effect of SPEP on S. aureus preformed biofilm was also tested. The results show a significant reduction in the absorbance of the treated samples, demonstrating that SPEP is also extremely effective in the dispersal of S. aureus preformed biofilm (untreated bacteria 00590n01= 2.466±O.266; SPEP-treated bacteria 00590n01= O.124±O.028). This result suggests that SPEP action is not restricted to initial bacterial attachment on abiotic surface but is also effective on mature biofilm. SPEP action on S. aureus 6538P was also confirmed by SEM morphological analysis. For this purpose PFTE and polypropylene filters were incubated with bacteria for 24 h at 37°C with and without SPEP, as described above. Untreated bacteria produced typical three-dimensional biofilm structures, whereas SPEP-treated bacteria were unable to efficiently colonize either PFTE or polypropylene surfaces. Fig. 2 shows a typical S. aureus biofilm grown on PFTE filter (panel A). In the magnified inset of panel A, the extracellular matrix is visible and biofilm-embedded bacteria cover the filter surface. Panel B shows that, following SPEP treatment, bacteria cannot form a mature biofilm but are present as rare, dispersed cells on PTFE filter background.
Effect ojSPEP on S. aureus adhesion to and invasion ofHeLa cells
The ability of SPEP to interfere with S. aureus capacity to adhere to and invade human cells was tested by antibiotic protection assay on HeLa cell line. Adhesion is expressed as the percentage of the initial inoculum of bacteria that adhered to HeLa cells I h post-infection at 37°C. Invasion efficiency is expressed as the percentage of adhered bacteria that were gentamicin resistant I h post-infection.
Our results show that the adhesion efficiency 
SDS-PAGE and zymogram analyses of surface proteins in SPEP-treated and untreated S. aureus
Cell surface protein samples from SPEP-treated and untreated 6538P cultures were simultaneously analyzed by SOS-PAGE and zymogram assays. Fig. 3A shows the SOS-electrophoretic profiles of the protein mixtures obtained from surface protein extraction following colloidal Coomassie blue staining. Several discrete protein bands corresponding to the surface proteins extracted from untreated S. aureus 6538P cells were observed in the control lane. This profile was compared to the protein pattern obtained after SPEP treatment. Various, specific protein bands detected in the untreated S. aureus 6538P protein profiles either disappeared or their intensity was greatly reduced after enzyme incubation. The protein bands occurring in the untreated S. aureus protein profile and disappearing upon SPEP treatment were selected for further analyses (see below). Fig. 3B shows the zymogram profiles of SPEPtreated and untreated surface proteins extracted from S. aureus 6538P. In the separation range considered, various autolysin bands were detected for both treated and untreated samples whereas SPEP treatment led to the disappearance of several autolysin bands.
Comparative experiments were carried out in the same conditions using proteinase K as a proteolytic agent. Similarly to SPEP, proteinase K incubation totally abolished biofilm formation in S. aureus cultures. However, when analysed by SOS-PAGE, all the cell surface protein bands disappeared in the sample treated with proteinase K, suggesting a nonspecific and an indiscriminate effect of the protease (data not shown).
Identification of S. aureus 6538P proteins by mass spectrometry analysis
Protein bands observed in the S. aureus protein profile and disappearing following SPEP incubation are numbered from I to 6 in Fig. 3A , were selectively excised from the gel and identified by mass spectrometric analysis. Gel slices from the corresponding areas in the protein profile ofuntreated cells (lane marked as SPEP in Fig. 3A) were also selected and used as control in the identification procedure. All samples were reduced, alkylated and digested in situ with trypsin; an aliquot of the resulting peptide mixtures were directly analyzed by MALDI-TOF mass spectrometry. Spectral data were then used to search a non-redundant protein sequence database using an in-house version of the 
Western blot analysis
The large effect of SPEP treatment on Atl, the major surface adhesin/autolysin present in S. aureus, was also investigated by Western blot analysis. A suitable antibody was generated using a specific peptide designed on the sequence of the N-acetylmuramyl-L-alanine amidase (AM, 62 kOa) domain of the At! protein. Surface protein extracts from SPEP-treated and untreated S. aureus 6538P were fractionated by SOS-PAGE, transferred to a PVOF membrane and immunorevealed with the anti-Atl antibody (Fig. 4) . A clear immunostained band showing an apparent molecular weight compatible with the expected electrophoretic mobility of the AM domain (between 50 and 75 kOa) was observed in the lane containing the untreated sample while this band disappeared in the SPEP treated sample. This result demonstrated the specific effect of SPEP treatment, at least on the autolysin protein.
DISCUSSION
Various evidence obtained in the present study demonstrates that in vitro treatment of S. aureus cells with non-cytotoxic, non-bactericidal and nonbacteriostatic concentrations of SPEP can negatively modulate the expression of the virulent phenotype.
S. aureus uses a wide range of multifactorial strategies to colonize hosts and disseminate. Among these, invasion, adhesion and biofilm production are important virulence factors of S. aureus that are related to the bacterial surface. Extensive functional roles are played by adhesins that show high affinity for eukaryotic epithelial structures and are also involved in cellular processes including anchoring to a substrate and biofilm formation. Bacterial surface proteins are the first to be presented to the host immune system when a bacterium breaches the host epithelium and endothelium (21) (22) . For this reason, surface proteins are critically important in determining the success of bacterial strains in their competition for survival.
In the search for treatments addressed against the staphylococcal surface, we investigated the effect of SPEP on several S. aureus properties associated to the virulent phenotype. Analysis of SPEP tertiary structure reveals a two-domain architecture: a proteolytic domain that contains the zinc atom essential for proteolytic activity and an uncharacterised domain whose function is still unknown and could potentially be involved in the modulation of virulent phenotype of Serratia marcescens (23, unpublished data). Our group compared the effect of proteinase K (PK) and SPEP on S. aureus biofilm formation. Similarly to SPEP, PK treatment completely inhibits biofilm formation (6, unpublished results). However, following PK incubation, surface protein analyses revealed the complete disappearance of protein bands, thus indicating an unspecific action of PK with the effect of a proteolytic degradation of cell exposed proteins. On the contrary, SPEP showed a specific and reproducible action on bacterial cells, leading to the disappearance of discrete protein bands in the protein pattern.
Following SPEP treatment, the mvasive efficiency of S. aureus infecting HeLa cells and the development of biofilm on inert surfaces were significantly reduced or completely inhibited.
Scanning electron microscopy showed that S.
aureus 6538P biofilm displayed cells embedded in an abundant extracellular matrix. This kind of morphology is typical of PIA/PNAG-dependent biofilm rather than an FnBP-mediated biofilm constituted by highly dense aggregates without any detectable extracellular matrix (9) . Comparative proteomic investigations on SPEPtreated and untreated S. aureus cells revealed a discrete number of surface proteins affected by the enzymatic treatment. Among these, some proteins, such as EF-Tu, EF-G, the glycolytic enzymes phosphoglycerate kinase, enolase and pdhC, are involved in energy metabolism and localised in the cytosol. However, these proteins have also been reported to be immunogenic, localized on the cell wall and associated with the most invasive isolates (24) (25) . It is now widely accepted that proteins may fulfil several biological functions depending on the partners they transiently associate with. Some members of the adhesion family, Atl, FnBP-A, Sbi, EF-Tu, EF-G, and alpha-enolase, identified in this study deserve particular attention. Atl disappeared after SPEP treatment, confirming that SPEP modulates adhesins and autolysins also in S.
aureus. Recently, a novel mechanism involved in staphylococcal internalization by host cells, which is mediated by the major autolysin/adhesins Atl in S. aureus was discovered (26) (27) . Sbi, a member of MSCRAMMS homologous to the immunoglobulin G-binding protein A (SpA), is a multifunctional bacterial protein which acts as a potent complement inhibitor (28) (29) . FnBP is an S. aureus adhesin that influences host .issue adherence by binding to host fibronectin. FnBPs also act as invasion, permitting uptake of the Staphylococcus by cultured nonprofessional phagocytes using host fibronectin to bridge with integrins on the cell surface (30) . EF-Tu was identified as a major surface-associated component of many bacteria, possessing the characteristics of an adhesion factor and mediating fibronectin binding (24, 31) . The glycolytic enzyme alpha-enolase has been identified and characterized as a surface-displayed protein that binds eukaryotic matrix components, performing a variety offunctions that facilitate bacterial colonization, persistence and invasion of host tissues (3, 32) . EF-Tu, EF-G and alpha-enolase belong to the so called 'moonlight' proteins, endowed per se with multiple functions that are not associated to gene fusions, splice variants or multiple proteolytic fragments (33) . A major question still remains to be answered, whether SPEP action is due to its proteolytic function directed towards very specific protein targets or to the triggering of specific signal trasduction pathways elicited by SPEP negatively regulating protein expression.
Data reported in this paper, together with our previous results (15) , call attention to SPEP as a non-cytotoxic natural compound effective as an anti-virulence drug against different Gram-positive pathogens. Moreover, the recombinant form ofSPEP is actually widely used as an anti-inflammatory drug andas a mucoactive agent ( I3, 34). One ofthe greatest problems in developing an effective antibacterial approach consists in the rapid appearance of mutants insensitive to the therapy. Traditional anti-bacterial compounds target fundamental processes needed for bacterial survival, increase mutants selection and diminish the efficacy of the therapy itself. Recent therapeutic strategies are addressed to bacterial virulence so as weaken bacteria without directly killing them. In this respect, SPEP does not affect bacterial viability and could be developed as a novel anti-virulence tool that would hinder the entry of S. aureus into human tissues, and would also impair the ability of this pathogen to form biofilm on catheters and medical devices.
